DURING AGING, the function, proliferation, size, and number of adipose cells become altered (32-36, 39, 61) . Because of the potential for age-related changes in adipose function to modulate overall health and promote metabolic disease, there is a growing interest in studying aging adipose tissue. White adipose tissue is recognized as an important modulator of multiple physiological processes and is strongly linked to the development of multiple morbidities (8, 16, 46, 66, 76) . The ability of adipose tissue to exert these effects comes from alterations in the endocrine functions of adipose (22, 52, 71) as well as the contributions of adipose tissue to glucose and lipid homeostasis (10, 26, 37, 75) . Understanding aging-adipose interactions is therefore likely important to understanding the basis for metabolic disease in the elderly.
In addition to each of these aforementioned changes in adipose biology, the distribution of adipose tissue in the body is also known to be altered in response to aging (10, 37) . Visceral adipose tissue has been suggested to be a more important contributor than subcutaneous fat or total adiposity to the development of metabolic disease (2, 3, 7, 8, 18, 24, 48, 51) . Interestingly, studies have also demonstrated that there are significant differences in the biochemistry and function of cells from visceral and subcutaneous fat depots (24, 25, 31, 41) . Taken together, these data suggest important adipose depotspecific differences between visceral and subcutaneous fat, although the importance of these differences in the context of aging remain to be defined experimentally.
Oxidative stress and hypoxia are known to occur in a variety of tissues during aging (4, 12, 13, 47, 56, 58, 65, 67) , although current studies have not defined whether these events occur in subcutaneous and visceral fat depots during aging. Both oxidative stress and hypoxia are known to occur in adipose tissue in response to diet-induced obesity as well as in genetic models of obesity (53, 62, 63, 70, 72) . Both hypoxia and oxidative stress are linked to altered adipose function and metabolic disease in both of these models (53, 62, 73) . Taken together, these data highlight the importance of understanding whether oxidative stress and hypoxia occur in aging adipose tissue.
In the present study, we sought to determine for the first time whether hypoxia and oxidative stress occur in aging adipose tissue. Our studies identified that both of these events occur in aging adipose tissue, with visceral depots preferentially affected compared with subcutaneous depots. We then demonstrated that age-related levels of hypoxia increase insulinstimulated glucose uptake and decrease lipid content in differentiated 3T3-L1 cells. Taken together, these studies raise the potential for increases in hypoxia and oxidative stress modulating adipose function during adipose aging.
MATERIALS AND METHODS
Animal studies. All animal experiments were approved by the Institutional Animal Care and Use Committee of Pennington Biomedical Research Center. Six-month-old and 23-mo-old male C57Bl/6 mice (obtained from the contract colony of the National Institute on Aging maintained at Charles River Laboratories) were housed in standard caging with 12:12-h light-dark cycle with food (D12450B from Research Diets, 10% fat, 20% protein, 70% carbohydrate) and water provided ad libitum. Mice were fasted overnight and euthanized by isoflurane anaesthesia followed by rapid decapitation. Subcutaneous (inguinal) and visceral fat pads (epididymal) were manually dissected as described previously (68) .
Western blot analysis and hypoxia probe. Western blotting for hypoxia probe was done using the Hypoxyprobe-1 kit (HPI, Burlington, MA). The Hypoxyprobe-1 was injected (intraperitoneally) at 60 mg/kg body wt 30 min before tissue collection. After tissue collection, the fat tissues were homogenized and sonicated in RIPA buffer (G-Biosciences, St. Louis, MO) containing protease inhibitor (Roche Diagnostics, Indianapolis, IN) and phosphotase inhibitor (SigmaAldrich, St. Louis, MO), following manufacturers' instructions. The homogenates were then centrifuged at 15,000 g at 4°C for 15 min. The fat formed a gel-like layer on the top of the tube. The lower, liquid layer containing proteins was carefully extracted and used for protein assay and Western blot analysis as described previously (72, 77) .
Briefly, proteins were separated in precast polyacrylamide gel (Bio-Rad, Hercules, CA) and transferred to nitrocellulose (Bio-Rad). Following transfer, the membrane was stained by MemCode Reversible Stain (Thermo Scientific, Rockford, IL).
The membrane was blocked in 5% milk for 1 h at room temperature. The membranes were incubated with the indicated antibody in 5% milk for 1-2 h at room temperature. Following extensive washes, the results were visualized with 1:5,000 diluted horseradish peroxidase (HRP)-conjugated secondary antibody (Jackson ImmunoResearch Laboratory, West Grove, PA) and ECL Western Blotting Substrate (Pierce, Rockford, IL).
Cell culture. Dulbecco's modified Eagle's medium containing high glucose and glutamine (DMEM), bovine and fetal bovine serum (FBS), iron-supplemented bovine calf serum, trypsin, and antibiotics penicillin G-streptomycin were purchased from Fisher Scientifics (Pittsburgh, PA). Insulin, 3-isobutyl-1-methylxanthine (IBMX), and dexamethasone were purchased from Sigma-Aldrich.
Murine 3T3-L1 preadipocytes purchased from the American Type Culture Collection (Manassas, VA) were cultured in DMEM-high glucose containing 10% calf serum and antibiotics (100 U/ml penicillin G and 100 g/ml streptomycin). The medium was changed every 48 h. To obtain fully differentiated adipocytes, the 3T3-L1 preadipocytes were plated and grown on 60-mm plates to 1 day postconfluence and induced to differentiate by changing the medium to DMEM containing 10% FBS and 0.5 mM IBMX, 1 M dexamethasone, and 1.7 M insulin (MDI) as previously described, with modifications (17, 30) . After 48 h, this medium was replaced with DMEM-high glucose medium supplemented with 10% FBS, penicillin-strepomycin, and 0.425 M insulin. After 48 h, the medium was replaced every 2 days thereafter using DMEM-high glucose and 10% FBS medium. Cells were fully differentiated by 6 days, and they were routinely used at days 7-10 post-MDI treatment.
Hypoxia treatment.
A temperature-and humidity-controlled hypoxic/ anaerobic Polymer Glove Box (Coy Laboratory Products, Grass Lake, MI) was used in this study. For hypoxia treatment, the system was set up at 37°C with 38% reduction of atmospheric oxygen (decreasing Po 2 to 21.7 mmHg) by replacement with nitrogen. Matured 3T3-L1 adipocytes at 7-8 days post-MDI treatment were transferred to the hypoxic chamber for 6 or 20 h, as indicated in RESULTS. At the end of hypoxia treatment, cells were removed from the chamber and collected for future studies.
Quantitative real-time PCR studies. Total RNA from 3T3-L1 adipocytes was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions with minor modifications. After cell harvest and homogenization through a blunt 20-gauge needle in the RLT lysis buffer, the lysate was centrifuged at 15,000 g at 4°C for 15 min. The liquid layer beneath the frozen fat layer was carefully extracted and used for total RNA extraction. Total RNA from mouse subcutaneous and visceral fat tissue was isolated using an RNeasy Lipid Tissue Mini Kit (Qiagen) according to the manufacturer's instructions. The corresponding cDNA was made from 2 g of extracted total RNA by M-MuLV transcriptase (New England Biolabs, Ipswich, MA) using 20 l of the reverse transcription system according to the manufacturer's instructions.
For quantitative real-time PCR (qPCR) analysis, aliquots of cDNA were subjected to qPCR in 20 l of 1ϫ Brilliant II QPCR and QRT-PCR reagents (Agilent Technologies, Santa Clara, CA), 1ϫ primers and TaqMan probe (6-FAM/ZEN/IBFQ mode), and 10 ng of cDNA. Primers and probes for superoxide dismutase (SOD)1, SOD2, SOD3, catalase, UCP3, and GADPH were ordered from Integrated DNA Technologies (IDT, Coralville, IA) PrimeTime Predesigned qPCR Assays system. Each sample was loaded in triplicate, and negative and positive controls were included. Amplification of GADPH was used as an internal reference gene. PCR amplifications were performed as follows: 50°C for 2 min, 95°C for 10 min, and 40 cycles each with 95°C for 15 s and 60°C for 45 s using an ABI PRISM Real-Timer SYBR Green/ROX PCR Mix were purchased from SABiosciences (Frederick, MD). QPCR array studies were performed according to the manufacturer's instructions on an ABI Prism 7900HT using 96-well standard block (Applied Biosystems). For data analysis, the ⌬⌬C T method was used. Each gene's fold changes were calculated as the difference in gene expression between different fat adipose as indicated in the each table. A positive value indicates the fold change of gene upregulation; gene downregulation was calculated as Ϫ1/(fold change). Only the statistically significant (P Ͻ 0.05) changes that are more than 1.5 or less than Ϫ1.5-fold are shown in the Table 1 . The result is expressed as the mean of six independent total RNA extraction and real-time PCR analyses. The P value was assessed using the paired t-test. Glucose uptake. Glucose uptake was carried out as described in Yin et al. (74) with minor modifications. 3T3-L1 adipocytes were first washed twice in PBS and preincubated in serum-free medium for 2 h with 1% BSA and then incubated under normoxic or hypoxic condition for 4 h at 37°C. After that, cells were incubated in PBS containing 200 nM insulin for 30 min before being taken out of the hypoxia chamber and incubated in PBS containing 0.1 mM 2-deoxyglucose and 0.5 Ci/ml 3-O-[methyl-D- 14 C]glucose (PerkinElmer, Waltham, MA) for 5 min. The cells were washed in ice-cold PBS and solubilized in 0.4 ml of 1% SDS and [
14 C]glucose uptake was measured using Beckman LS6500 scintillation counter.
Fatty acid uptake. Fatty acid uptake was carried out as described by Lobo et al. (39) , with minor modifications. 3T3-L1 adipocytes were first preincubated for 3 h in Krebs-Ringer-HEPES (KRH) buffer (pH 7.4) containing (in mM) 120 NaCl, 4.7 KCl, 2.2 CaCl 2, 10 HEPES, 1.2 KH 2PO4, 1.2 MgSO4, and 5.4 glucose. After that, adipocytes were incubated under normoxic or hypoxic condition for 4 h and then incubated with 200 nM insulin for 30 min. Fatty acid uptake was initiated by incubating cells in KRH buffer, pH 7.4, containing 5.4 mM glucose and 0.5 Ci/ml [1- 14 C]oleic acid, (PerkinElmer, Waltham, MA) along with unlabeled oleic acid, free fatty acid, and BSA. The ratio of fatty acid to BSA used in this assay was adjusted to generate a free fatty acid concentration of 5 nM.
Interstitial PO2. A fiber-optic oxygen meter (World Precision Instruments, Sarasota, FL) was used to determine interstitial Po 2 in the inguinal and epididymal fat pads, as described elsewhere (72) . The mice were anesthetized with a rodent cocktail (ketamine 100 mg/kg, xylazine 5 mg/kg, acepromazine 2 mg/kg) and placed on a warm pad. An abdomen incision was made to expose the epididymal and inguinal fat pads. The measurements were made by inserting the optic probe into the fat pads. A mean value was obtained from the both left and right fat pads in each mouse.
Electron paramagnetic resonance. Reactive oxygen species (ROS) in the subcutaneous and visceral fat tissue were measured using EPR as described previously (14, 43, 44) . For ROS, 1-hydroxy-3-methoxycarbony-l,2,2,5,5-tetramethyl-pyrrolidine (CMH) was used to measure tissue ROS production. Briefly, pieces of subcutaneous and visceral tissues were incubated at 37°C with CMH (200 M) for 30 min for ROS measurement. Aliquots of incubated probe media were then taken in 50-l disposable glass capillary tubes (Noxygen Science Transfer and Diagnostics) for determination of ROS production in fat tissues. All EPR measurements were performed using an EMX ESR eScan BenchTop spectrometer and super-high-quality factor microwave cavity (Bruker, Germany). For superoxide measurements, tissue pieces were incubated at 37°C with PEG-SOD (50 U/ml) for 30 min, and then the spin probe CMH (200 M) was added for another 30-min incubation period. This procedure allows for the quantification of the contribution of superoxide to the total ROS levels.
Dihydroethidium staining for ROS. Cells were incubated for 30 min with 10 M dihydroethidium dye (solubilized in DMSO) and then washed with cell culture medium. Cells from random ϫ40 magnification fields were then analyzed for dihydroethidium oxidation by visual microscopy using excitation at 400 nm and emission detection at 585 nm. Approximately 300 cells from six separate experiments were utilized for data analysis.
Oil red O staining. Differentiated 3T3-L1 adipocytes were washed three times with phosphate-buffered saline and fixed with 10% formalin at room temperature for 1 h. Cells were then washed again with phosphate-buffered saline and stained with fresh stock of Oil red O (3 parts of 0.6% Oil red O in isopropyl alcohol and 2 parts water). Cells were stained for 15 min and washed with twice with phosphatebuffered saline. For plate reader determinations of Oil red O content cells were dissolved with isopropyl alcohol and measured at 520 nm.
Statistics. Statistical significance between two groups was determined using a paired t-test. For all other analyses, statistical significance was determined by ANOVA followed by Fisher's least significant difference post hoc test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Age-related changes in adipose tissue. Adult male C57Bl/6 mice (6-mo-and 23-mo-old) were analyzed for changes in Fig. 1 . Weight of adipose tissues and muscle in adult and aged mice. Adult (6-mo-and 26-mo-old) mice were measured for changes in fat pad weight for visceral (epididymal) and subcutaneous (inguinal) depots (A), total fat weight via NMR (B), and total muscle weight via NMR (C). Data are expressed as means Ϯ SE and represent results from n ϭ 8 for each experimental end point. *P Ͻ 0.05 vs. young (6-mo-old) adult mice.
visceral (epididymal) and subcutaneous (inguinal) fat pad weight. A significant decrease in subcutaneous adipose tissue was observed in 23-mo-old mice (Fig. 1A) , with no significant change in visceral adipose weight observed between the two age groups. NMR analysis demonstrated that the levels of total adipose tissue were decreased in 23-mo-old mice (Fig. 1B) , with no significant difference in muscle weight observed between the two age groups (Fig. 1C) .
Age-related changes in hypoxia within adipose tissue. The mice were next analyzed for evidence of hypoxia within visceral and subcutaneous fat depots. In our first experimentation, we conducted direct measurements of oxygen levels within inguinal and epididymal fat depots using an oxygen sensor, whereby oxygen was measured within the tissue of anesthetized mice. In this analysis, we observed that there was no significant difference between the levels of oxygenation in the visceral and subcutaneous depots of 6-mo-old mice (Fig. 2A) . In contrast, there was a selective increase in hypoxia (38% reduction in oxygen, PO 2 21.7 mmHg) within aging visceral fat tissue (Fig. 2) . We next utilized an immunohistochemical method to identify the presence of hypoxia. In these studies we Fig. 2 . Aging induces hypoxia in adipose tissue. A: adult (6-mo-and 26-moold) mice were anesthetized, and levels of oxygen measured directly within visceral (epididymal) and subcutaneous (inguinal) fat depots using insertion of an oxygen electrode into the specific depot. B: hypoxia was measured in visceral and subcutaneous fat depots using the Hypoxyprobe method, and results from multiple experiments were quantified (C). See MATERIALS AND METHODS for experimental details. Data are expressed as means Ϯ SE and represent results from n ϭ 8 for each experimental end point. *P Ͻ 0.05 vs. young (Y, 6-mo-old) adult mice. Fig. 3 . Aging increases reactive oxygen species (ROS) in adipose tissue. Total levels of ROS were measured in visceral and subcutaneous fat depots from adult (6-mo-and 23-mo-old) mice. Following collection of fat pads, tissue was dissected and incubated with spin label, and amounts of ROS were quantified using electron paramagnetic resonance (EPR). Representative EPR spectra (A) and quantification of total ROS (B) and superoxide (C) are shown; see MATERIALS AND METHODS for experimental details. Data are expressed as means Ϯ SE and represent results from n ϭ 8 for each experimental end point. *P Ͻ 0.05 vs. young (6-mo-old)adult mice.
observed that aging subcutaneous and visceral fat depots presented evidence for increased hypoxia (Fig. 2) . These data, whereby discrepancies between direct oxygen measurements and chemical detection of hypoxia are observed, point to the potential for acute or highly localized episodes of hypoxia occurring in aging adipose tissue. The mechanisms, and potential implications, for these observations are discussed in significant detail below in DISCUSSION.
Age-related increases in ROS and altered expression of redox regulatory gene expression in adipose tissue.
Next, we sought to elucidate whether the levels of ROS within subcutaneous and visceral fat depots were altered during aging. Using electron paramagnetic resonance (EPR), we demonstrated for the first time that the levels of ROS are elevated in aging visceral adipose tissue (Fig. 3) , which was not observed in subcutaneous adipose depots. Studies then turned to determining if these age-related changes could be explained, in part, by changes in the expression of genes involved in the generation and detoxification of ROS. Interestingly, in these studies we observed that aging visceral adipose tissue exhibited a markedly low level of altered redox gene expression, for genes involved in the genesis and detoxification of ROS (Table 1) , compared with aging subcutaneous fat. In fact, aging subcutaneous fat exhibited an approximately eightfold higher number of genes that exhibited altered levels of expression in response to aging compared with aging visceral adipose tissue (Table 1) . Of particular interest was robust elevation in multiple glutathione peroxidises and a specific form of glutathione transferase, which are all involved in detoxification of lipid peroxidation products, raising the potential for subcutaneous adipose tissue being more capable of detoxifying these potentially toxic products of oxidative stress.
Levels of hypoxia observed in aging adipose tissue promote alterations in ROS and adipose biology. We next conducted studies to determine the effects of age-related hypoxia (ϳ38% decrease in ambient oxygen), on adipose biology. We observed that this level of hypoxia did not induce cell death in 3T3-L1 adipocytes following 48 h of hypoxia exposure (data not shown). 3T3-L1 adipocytes were then exposed to overnight hypoxia (38% reduction in ambient oxygen) and analyzed for ROS levels using the same EPR technologies outlined above for adipose tissue. In these studies, we observed that hypoxia significantly increased the levels of total ROS (Fig. 4) , and increased the levels of superoxide in particular (Fig. 4) . Studies with dihydroethidium, a dye preferentially oxidized by superoxide, demonstrated further evidence for hypoxia-induced increases in ROS within adipocytes (Fig. 5 ). Studies were then conducted to determine whether hypoxia promoted changes in Fig. 4 . EPR study in differentiated 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were subjected to normoxia or hypoxia (38% reduction of ambient oxygen) as outlined in MATERIALS AND METHODS. Cells were analyzed via EPR for total ROS and superoxide levels. See MATERIALS AND METHODS for experimental details. Data are expressed as means Ϯ SE and represent results from n ϭ 8 for each experimental end point. *P Ͻ 0.05 vs. normoxia. Fig. 5 . Hypoxia induces increased ROS as detected by dihydroethidium staining. Differentiated 3T3-L1 adipocytes were subjected to normoxia or hypoxia (38% reduction of ambient oxygen) as outlined in MATERIALS AND METHODS. Cells were analyzed for dihydroethidium (DHE) oxidation, an established indicator of ROS, to determine if hypoxia increased ROS levels. Representative image from 6 experiments revealed evidence for increased DHE oxidation following hypoxia consistent with the presence of oxidative stress. the expression of genes known to be involved in the regulation of ROS. In these studies we saw no change in the levels of SOD2 but saw significant and dramatic decreases in SOD1 and SOD3 following hypoxia (Fig. 6) . Similarly, the levels of catalase and UCP3 were decreased following hypoxia (Fig. 6) . We then sought to determine whether age-related levels of hypoxia promoted alterations in the lipid content of differentiated 3T3-L1 adipocytes. Within 18 h of hypoxia, there was observed to be a significant reduction in the levels of Oil red O staining, consistent with decreased levels of lipid content following hypoxia (Fig. 7) . Cells under these same conditions exhibited significant levels of hypoxyprobe-1 immunostaining consistent with elevated levels of hypoxia (Fig.  7) . Additionally, increased levels of insulin-stimulated glucose uptake (Fig. 7) were observed following hypoxia, with no significant alteration in insulin-stimulated free fatty acid uptake observed (Fig. 7 ).
DISCUSSION
The current study demonstrates for the first time that increases in hypoxia occur in aging fat tissue. Although both of our hypoxia measurements (immunochemical and direct oxygen) point to evidence of increased hypoxia in aging adipose tissue, there is a noted discrepancy between the findings of direct oxygen measurements. Specifically, direct measurements of oxygen via oxygen probe revealed that only aging visceral adipose tissue exhibited hypoxia. In contrast, analysis of hypoxia using the Hyproxyprobe method revealed evidence for hypoxia in both aging subcutaneous and aging visceral depots. The discrepancy between these two methodologies is likely explained by the fact that the direct measurement of oxygen, using the oxygen probe method, produces an acute measure of steady-state oxygen within a tissue at a specific site within the tissue. In our analysis, we observed that there was significant variability in the oxygen level throughout the adipose depot; thus, all studies were required to focus on using measures of oxygen within the same anatomic area of the adipose depot (distal region). In contrast, the Hyproxyprobe method detects the presence of hypoxia via the bioreductive activation of the Hypoxyprobe compound, which occurs within the entire body of adipose tissue and as the result of this reaction generates 2-nitroimidazoles that can then react with proteins throughout the adipose depot. The proteins modified by these reactions can then be detected via immunochemical methodologies. As such, the Hyproxyprobe method is able to measure both acute and chronic hypoxia, unlike the direct oxygen measures used in Fig. 2 . Taken together, our hypoxia studies suggest that there is likely very localized and acute hypoxia that occurs in both subcutaneous and visceral adipose (as detected by Hyproxyprobe), that can only sporadically be detected by direct oxygen measures. Studies are underway to identify with Hyproxyprobe immunohistochemistry the specific cell types and tissue regions within these same depots that may be preferentially undergoing age-related hypoxia.
Numerous studies have demonstrated that the effects of aging on adipose tissue can be very anatomically and cell type specific. For example, preadipocytes are known to be particularly vulnerable to age-related changes in gene expression compared with mature adipocytes (1, 9, 10, 28, 60) . Our studies indicate that the microenvironment where vulnerable cells (preadipocytes) are located, within the aging adipose tissue, may have dramatic effects on the ultimate long-term function of individual cells. These highly focal periods, or focused sites, of hypoxia during aging may arise as the result of decreased vascularization of the adipose tissue due to increased adipose cell size or as the result of adipose remodeling. However, the fact that the age-related hypoxia observed in the present study appeared to be very mild and potentially transitory, it is possible that alternative mechanisms may be responsible for mediating hypoxia in aging adipose tissue. These mechanisms are likely to be much more rapidly reversible than hypoxia induced by either increases in adipose size or tissue remodeling. For example, events such as localized elevations in inflammation may promote changes in regional blood flow and thereby induce hypoxia. Studies are currently underway to begin to identify the basis for age-related increases in hypoxia within adipose tissue. The majority of studies to date have studied the effects of anoxia (Ն99% reduction in oxygen) on adipose cells (40, 42, 49, 54, 72) . This level of hypoxia is likely to occur in adipose tissue in conditions such as diet-induced obesity and/or type 2 diabetes, where rapid tissue expansion or severe tissue remodeling is known to occur (62, 69, 72) . Studies of anoxia are therefore very informative of what is occurring in adipose tissue in those experimental and clinical paradigms. However, it is less clear that such high levels and durations of anoxia occur in aging fat tissue per se; therefore, there is a heightened need to understand the effects of less severe levels of hypoxia on adipose biology. In the current study, we demonstrate for the first time that a 38% reduction in oxygen, similar to what is observed in aging visceral adipose tissue, is sufficient to alter glucose uptake, redox gene expression, and ROS levels. Understanding the similarities and differences between the effects of hypoxia and anoxia on adipose cells, particularly in primary adipocytes, is going to be a critical next step in elucidating the contribution of hypoxia to adipose aging. Previous studies have shown that events such as HIF-1 induction and HIF-1 DNA binding can vary severalfold when moving from 0.5% to 2% oxygen (27, 45) . Second, it is well established that the ultimate consequences of hypoxia on cell biology are modulated by numerous stimuli relevant to adipocytes, including MAPK (38), IGF-I (64), and nitric oxide (6) . In this scenario, the ultimate effects of hypoxia on adipocytes are regulated not only by the amount and duration of hypoxia but also by the summation of cell signaling and autocrine pathways that regulate hypoxia-associated signal transduction.
These studies are the first to show increases in the levels of ROS in aging adipose tissue. ROS are known to be essential to many cell signaling pathways and likely play a key physiological role in adipose biology (5, 19, 20, 23, 57) . In contrast to physiological redox signaling, deleterious oxidative stress is known to occur in many tissues with aging and is known to contribute to the deleterious changes in tissue function that are observed in many aging tissues (15, 21, 55, 59) . Our studies point to the potential for deleterious oxidative stress to occur in response to age-related increases in hypoxia. This is based on the presence of both hypoxia and increased ROS in aging adipose tissue, and on our findings that age-related levels of hypoxia are sufficient to increase ROS and decrease the levels of key antioxidant enzymes. Such data point to the potential for even low levels of hypoxia interacting in a synergistic manner with elevations in ROS to promote oxidative stress in aging adipose tissue. Interestingly, our current study suggests that subcutaneous fat undergoes much more robust elevations in redox regulatory genes during aging compared with visceral adipose tissue. Such data raise the specter of visceral adipose tissue potentially being more vulnerable during aging to the deleterious effects of hypoxia and ROS due to a decreased ability to increase vital antioxidant pathways compared with subcutaneous fat tissue. Clearly, although more investigation is needed, these data point to the potential of age-related increases in oxidative stress within adipose tissue being somewhat fat depot specific.
Age-related levels of hypoxia were sufficient to increase insulin-stimulated glucose uptake, with both acute (not shown) and chronic hypoxia observed to increase insulin-stimulated uptake. Previous studies have demonstrated that short-term (4 h) anoxia increases insulin-stimulated glucose uptake (70, 74), whereas chronic anoxia decreases insulin-stimulated glucose Fig. 7 . Hypoxia induces alterations in glucose uptake but not free fatty acid uptake. Differentiated 3T3-L1 adipocytes were subjected to normoxia or hypoxia (38% reduction of ambient oxygen) as outlined in MATERIALS AND METHODS. Cells were analyzed for Oil red O (A), Hyproxyprobe-1 levels (B), insulinstimulated glucose uptake (C), and insulin-stimulated free fatty acid uptake (D) as outlined in MATERIALS AND METHODS. Data are expressed as means Ϯ SE and represent results from n ϭ 8 for each experimental end point. *P Ͻ 0.05 vs. normoxia. uptake. Interestingly, the levels of hypoxia in the present study did not significantly alter free fatty acid uptake but did significantly reduce the levels of lipid droplets as measured by decreased Oil red O content. Decreased adipose size, presumably due at least in part to decreased lipid content, are known to occur during adipose aging (33) (34) (35) (36) . Because we did not see a decrease in free fatty acid uptake in response to age-related levels of hypoxia, our data suggest a role for hypoxia potentially increasing lypolysis and thereby contributing to established age-related alterations in lipid homeostasis in adipocytes.
It is important to note that the present study used animals that were not placed on high-fat diets (HFDs), and therefore do not represent commonly studied models of diet-induced obesity. Studies from our laboratory and others' have demonstrated that HFDs exacerbate tissue dysfunction in aging animals (11, 29, 46, 68, 76) . Additionally, studies from our laboratory and others' have shown that HFDs promote much greater amounts of adipose gain, and presumably adipose tissue dysfunction, compared with younger animals (46, 50, 66) . These data point to important, and as yet unknown, interactions between obesity and aging. We anticipate that clinically relevant alterations in adipose tissue occur in aging adipose tissue following HFD exposure, which do not occur or occur to a lesser degree, than is observed in young adults exposed to a HFD. While the basis for these alterations is likely to be complex, it is likely that a role for both hypoxia and oxidative stress will be identified. Understanding the basis for the genesis of adipose pathology during aging, particularly in response to HFD exposure, will have important clinical relevance to understanding the basis for metabolic disease and its associated morbidities in the elderly.
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